[1] In the framework of the European Project STAR the Mobile Aerosol Raman Lidar (MARL) of the Alfred Wegener Institute (AWI) was operated in Paramaribo, Suriname (5.8°N, 55.2°W), and carried out extensive observations of tropical cirrus clouds during the local dry season from 28 September 2004 to 16 November 2004. The coverage with ice clouds was very high with 81% in the upper troposphere (above 12 km). The frequency of occurrence of subvisual clouds was found to be clearly enhanced compared to similar observations performed with the same instrument at a station in the midlatitudes. The extinction-to-backscatter ratio of thin tropical cirrus is with 26 ± 7 sr significantly higher than that of midlatitude cirrus (16 ± 9 sr). Subvisual cirrus clouds often occur in the tropical tropopause layer (TTL) above an upper tropospheric inversion. Our observations show that the ice-forming ability of the TTL is very high. The transport of air in this layer was investigated by means of a newly developed trajectory model. We found that the occurrence of clouds is highly correlated with the temperature and humidity history of the corresponding air parcel. Air that experienced a temperature minimum before the measurement took place was generally cloud free, while air that was at its temperature minimum during the observation and thus was saturated contained ice. We also detected extremely thin cloud layers slightly above the temperature minimum in subsaturated air. The solid particles of such clouds are likely to consist of nitric acid trihydrate (NAT) rather than ice.
Introduction
[2] In the tropical tropopause region, ice clouds occur with high frequencies of up to 70% [Wang et al., 1996] . Even though they are usually optically very thin, they affect the earth radiation budget mainly by absorbing outgoing long-wave radiation [McFarquhar et al., 2000] . Moreover, the sedimentation of ice particles dries the air as it enters the stratosphere through the tropical tropopause. Stratospheric water vapor has increased in the last decades until 2001 by about 1% per year [Oltmans and Hofmann, 1995] . This trend cannot be explained by increased water vapor production through methane oxidation alone [Rosenlof et al., 2001; Oltmans and Hofmann, 1995] . Since the temperature of the tropical tropopause has rather decreased than increased in the passed decade [Seidel et al., 2001] , the trend of the stratospheric water vapor remains so far an unresolved problem with important impact on the radiative balance and the chemistry of the stratosphere. However, in the recent years from 2001 to 2004, unusually low water vapor concentrations were observed globally in the lower stratosphere which are in phase with variabilities of the tropical tropopause temperature [Randel et al., 2004] .
[3] A recent study by Fueglistaler et al. [2005] demonstrates that the water vapor concentration of the tropical lower stratosphere can be explained by the Lagrangian mean of the temperature minimum at the tropopause. This model study assumes that air which ascends from the troposphere into the stratosphere is readily dried to saturation pressure over ice at the coldest point of its trajectory. On the other hand observations of high supersaturation at the tropical tropopause are frequently reported [e.g., Spichtinger et al., 2003b; Jensen et al., 2005] . Jensen et al. [2005] suggest that the freeze drying process takes place mainly in the western Pacific region where the tropopause is coldest, thereby ensuring the dryness of the stratosphere despite the high supersaturation necessary for cloud formation. Consequently, tropical cirrus are formed only in this region. This is somewhat contradictory to the observed high frequency of occurrence of high-altitude cirrus in other regions [Wang et al., 1996; Winker and Trepte, 1998; Immler and Schrems, 2002] .
[4] The exact nature of the transport of water vapor through the tropical tropopause remains a matter of active research. A pilot study held at Paramaribo, Suriname (5.8°N, 55.2°W) from September 2004 to March 2005 offered the opportunity to perform measurements at a tropical site over a longer period of time. Beside other instruments, the high-performance mobile Raman lidar MARL was run at the site from September to November 2004. As we will demonstrate in section 2, this system is capable of detecting extremely thin layers of solid particles at the altitude of the tropical tropopause. The large data set obtained during this campaign allows the determination of the frequency of occurrence of thin, subvisual, and extremely thin tropical cirrus. Owing to the Raman capabilities of the system, we were able to measure the so called lidar ratio, the ratio between the extinction and backscatter coefficients, of tropical cirrus clouds. The lidar ratio is an important parameter for lidars that do not have this capability, including future space based systems, in order to determine cloud optical depth and their radiative impact (section 3.1). For ten cases, lidar measurements were performed simultaneously with the launch of balloons carrying frost point hygrometers, which allow an accurate measurement of the humidity in the upper troposphere. In section 3 we present four such cases in detail in order to investigate the conditions at which tropical cirrus of different optical depths exist. The properties, formation mechanisms, and dehydration potentials of these clouds are then discussed in section 4 on the basis of trajectories which were calculated using a newly developed model. This model, as well as a standard trajectory model are used to test the hypothesis that air which is transported from the troposphere to the stratosphere is dried to the saturation vapor pressure at the lowest temperature it has experienced. Finally a discussion (section 4) of the results and a summary (section 5) are provided.
STAR Pilot Study
[5] In order to demonstrate the capabilities and test the limits of ground based measurements in a tropical environment a pilot study was performed in the framework of the EU project STAR (Support for Tropical Atmospheric Research, see http://www.knmi.nl/samenw/star/). The lidar, a Fourier Transform Infrared Spectrometer (FTIR), a sun photometer, and a UV radiometer were installed at the site of the ''Meteorologische Dienst Suriname (MDS)'' in Paramaribo (5.8°N, 55.2°W) and measurements were performed from 27 September 2004 to 16 November 2004. This observation period was during the local long dry season when the intertropical convergence zone (ITCZ) lies to the North of Suriname, over the Atlantic. A second campaign followed in February/March 2005 during the short dry season, when the ITCZ is further south over the Amazon basin. Daily radiosonde launches provided temperature, pressure and wind profiles and occasionally during night time, a frost point hygrometer of the type ''Snow White'' was launched that allows a precise determination of the water vapor profile. The behavior of this sonde in the cold upper tropical troposphere has been studied by Vömel et al. [2003] , Fujiwara et al. [2003b] , and Verver et al. [2006] , who have found good performance up to at least 16 km altitude. This study uses the Snow White data up to 18 km that have passed the quality check suggested by Fujiwara et al. [2003b] . In this work we concentrate on the lidar and Snow White data acquired during the first pilot study from September to November 2004.
Lidar Measurements of Tropical Clouds
[6] The Mobile Aerosol Raman Lidar (MARL) of AWI is a backscatter lidar using a Nd:YAG laser which has an output power of 350 mJ at 532 nm and 355 nm at 30 Hz repetition rate. The lidar signals are detected by means of a 1.1 m diameter quasi-Cassegrain telescope with a field-ofview of 0.4 mrad and a 10-channel detection system that uses analog and single photon counting data acquisition simultaneously [Schä fer et al., 1997] . The backscatter profiles are measured at 532 nm and 355 nm separated by polarization. Raman signals of nitrogen and water vapor are excited at 355 nm and are detected at 387 nm and 407 nm, respectively. The nitrogen Raman signal excited at 532 nm is detected at 607 nm. The temporal and vertical resolutions are 140 s and 7.5 m respectively.
[7] Layers of particles in the atmosphere are detected in the lidar signals by the increase in backscattering they induce. The automatic cloud detection algorithm reports the presence of a cloud base when the slope of the modified backscatter signal represented by the function R 0 (z) is greater than 3 times its noise. R 0 (z) is defined by
where P(z) is a measured lidar signal as a function of the altitude z and P Ray is a synthesized purely molecular lidar signal. The noise of that function is derived from Poisson statistics of the photon-counting signals (or photon-counting equivalent signal when using the analog detection) and are calculated using error propagation theory. Typical values for a lidar signal integrated over 140 s (4096 single shots) for DR 0 are 1 km À1 and 5 km À1 for the parallel and perpendicular polarizations, respectively. The minimal thickness of a cloud required for detection was set to 30 m (4 bins). This translates to a minimum integrated backscatter at 16 km altitude of 2 Â 10 À7 sr À1 and 1 Â 10 À8 sr À1 and, using an extinction to backscatter ratio S of 30 sr, to a minimum detectable optical depth (OD) of 6 Â 10 À6 and 3 Â 10 À7 based on the parallel and perpendicular signals, respectively. Since most observed clouds were thicker than 40 m, such low values hardly ever occur. A layer detected in this way was classified as a tropical cirrus (TC) when its base is above 12 km and it showed significant depolarization. This was the case when a volume depolarization of more than 2% at 532 nm was measured which is significantly more than the depolarization of molecular scattering of 1.44% [Behrendt and Nakamura, 2002] . A depolarization of 2% is enough to indicate the presence of nonspherical particles of sufficient size (r eff > 0.3 mm [Mishchenko and Sassen, 1998] ).
[8] These calculations demonstrate the extremely low detection limit of our lidar system, while the high value of the discrimination level (3 Â s) ensures a small false alarm rate of the automatic cloud detection scheme. The optical depth of a cloud can be measured directly by virtue of the nitrogen Raman scattering. Using again equation (1) and putting the Raman signal in place of the elastic signal, delivers double the extinction [Ansmann et al., 1992] . The Raman errors at 16 km at 532 nm and 355 nm are typically 2 Â 10 À3 m À1 and 1 Â 10 À3 m
À1
, respectively, on the basis of 60 min averages. The optical depth of a cloud layer can be retrieved by integrating the extinction over the altitude range of the cloud. Typically, the uncertainty of the direct measurement of the optical depth is about 0.005, more or less independent of the actual optical depth of a cloud. Assuming a constant extinction-to-backscatter ratio S throughout a cloud layer, this ratio (often termed lidar ratio) can be determined for clouds with an optical depth larger than 0.05 with an accuracy of about 10% or better. For clouds optically thinner than 0.05, the optical depth and the lidar ratio cannot be measured. However, one can still derive a reasonable estimate for the optical depths of thin clouds by multiplying the integrated backscatter coefficient by the mean value of S obtained for the thicker clouds.
[9] For all measurements reported here, the so-called ''color index'' which describes the wavelength dependence of the backscatter coefficient, was around zero. This means that little information on the particle size can be retrieved from the lidar data. In order to obtain some information on particle number and condensed mass, an assumption on the effective particle radius needs to be made. Remote sensing and in situ measurements indicate that for thin cirrus an estimate of 10 mm for the effective radius is reasonable [Thomas et al., 2002] , while for extremely thin cirrus a value of 5 mm is more appropriate [Peter et al., 2003] . Mie theory was used to translate the measured backscatter coefficient into a particle number concentration and an ice water content (IWC) on the basis of these assumptions on the effective radii. Since no correction for the asphericity of the particles was made, the quantities derived from these assumptions should be considered as rough estimates only.
Trajectory Model
[10] In order to investigate the source regions and possible formation mechanisms of tropical cirrus clouds a transport model was used which was recently developed at AWI. To avoid the noisy [Manney et al., 2005] and high [Scheele et al., 2005; Meijer et al., 2004] vertical velocities of assimilation systems in quasi-isentropic trajectory calculations, diabatic heating rates were used to determine the vertical transport in the stratosphere. The heating rates were derived from a stand-alone version of the ECMWF's radiative transfer model [Morcrette et al., 1998 ], using operational ECMWF's temperature, ozone, water vapor, cloud cover and cloud content fields every 6 hours as meteorological input. The quasi-isentropic trajectories were calculated for selected periods during September to November 2004 also using the operational ECMWF fields on 60 vertical levels and a spectral truncation of T511 (L60T511). The horizontal wind and temperature fields were then interpolated on T106 resolution and on 2°Â 2°Gaussian grid prior to the trajectory calculations.
[11] The newly developed trajectory tool is described in more detail by [Tegtmeier, 2006] using three-dimensional horizontal wind and temperature fields from ECMWF and the off-line derived heating rates all on a regular 2°Â 2°g rid spacing. The trajectory model was run with a time integration step of 20 min, while the output was reduced to a 6 hour spacing. We refer to these trajectories as AWI trajectories hereafter. The trajectory model was originally developed in order to study vertical transport in the polar stratosphere. However, as we demonstrate, it produces meaningful results also in the tropical tropopause region, above the level of zero net radiative heating which in the tropics is found at about 15 km altitude [Gettelman et al., 2004] .
[12] During the time period when lidar measurements were available, backward and forward trajectories were started over Paramaribo on a 6 hour time grid (0000, 0600, 1200, 1800 UT) and on isentropic levels between 350 and 400 K. This yielded a large set of 1260 trajectories, which enable us to conduct a statistical analysis of the data. Additionally, backward trajectories were calculated for the exact time of the concurrent balloon and lidar soundings which are described in detail in section 3.2.
[13] For comparison, standard trajectories based on ECMWF horizontal and vertical winds were retrieved for the case studies, using the trajectory service of the British Atmospheric Data Centre (BADC, http://badc.nerc.ac.uk/). These trajectories are referred to as BADC trajectories hereafter.
[14] The relation between relative humidity, cloud formation, and dehydration was studied by a simple scheme that derives the humidity in the TTL from the temperature history of the trajectories in analogy to the assumptions used by Fueglistaler et al. [2005] and Bonazzola and Haynes [2004] . We assumed, that the relative humidity above ice (RH I ) was 100% at the beginning of the trajectory 14 days earlier (t = À14d). When the air is cooled upon ascent the relative humidity increases and eventually exceeds 100%. We further assumed that clouds effectively dehydrate the air by the sedimentation of ice particles and limit RH I to 110%. We chose this value in order to make the numerical calculation stable and realistic without significantly interfering with the initial assumption of ice formation at ice saturation. Also this value provided the best correlation with the measurements. As the air ascends and cools, it will dehydrate more and more, whereas the water vapor mixing ratio (WVMR) remains constant in case of descending motion (i.e., increasing temperature and pressure). In all cases where the air trajectory encountered a temperature minimum T min the water vapor content of the air parcel is determined by 110% of the saturation mixing ratio n min at this point:
where v(T min ) is the saturation vapor pressure above ice calculated by Sonntag's formula [Sonntag, 1994] and p min is the pressure at this point. The relative humidity RH I traj at the reference point (t = 0) of the trajectory is then given by:
where p 0 and v 0 are the pressure and the saturation vapor pressure above ice at t = 0, respectively. In all cases where the air temperature reaches its minimum at t = 0 the air will be (super-)saturated with 100% < RH I traj < 110%.
Observations
[15] Overall, 480 hours of lidar observations were obtained at Paramaribo, mainly during night time, since the low zenith angle of the sun around noon thwarted measurements during that time. This study focuses on the first intensive campaign from 25 September 2004 to 16 November 2004 where 410 hours of lidar measurements were acquired. During 37 nights measurements were taken for more than 4 hours. Thirty-three of these nights were fully cloudy as far as cirrus occurrence was concerned. During three nights clouds were detected about half of the time and only on two nights there were almost no clouds detected in the upper troposphere. Overall, cirrus was present in 88% of the time. If we consider only clouds with a base height above 12 km the cloudiness was still 81%.
[16] The mean optical depth of these clouds was 0.04, around the visibility threshold. Figure 1 shows the relative frequency of occurrence of the optical depth (OD) of tropical cirrus. This function can be characterized by a bimodal distribution. Besides the main peak around 0.1 there is a second mode occurring around 0.003. Comparing these with results from measurements of cirrus at midlatitudes obtained during a previous campaign, it became evident that the probability of encountering extremely thin cirrus in the tropical upper troposphere was clearly enhanced relative to the midlatitudes. This might be explained by an enhanced life time of these thin tropical cirrus compared to their midlatitude counterparts. The bimodal shape of the distribution in Figure 1 suggests a discrimination between two types of cirrus clouds in the tropics: thin cirrus (TTCi) with optical depth between 0.03 and 1 which are usually visible to the bare eye and subvisual cirrus (SvCi) with optical depth below 0.03. Layers of particles with optical depths below 10 À3 are termed extremely thin tropical cirrus (ETTCi). About 20% of the clouds detected by the lidar were of the extremely thin type, 40% were subvisual and another 40% were thin cirrus.
[17] Figure 2 shows the distribution of the base height of clouds with different optical depths. Visible cirrus occur most often around 12 km. At higher altitudes clouds become optically thinner. Subvisual cirrus were typically located between 14 and 16 km. Extremely thin cirrus (ETTCi) with optical depth below 10 À3 were mostly observed around 17 km. The cold point tropopause was usually located at this altitude (dashed line).
Extinction-to-Backscatter Ratio
[18] The extinction-to-backscatter ratio or lidar ratio S is an important parameter for the inversion of lidar signals for instruments that do not have a Raman channel. Future space based lidars, such as CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations, http://www-calipso.larc.nasa.gov/), depend on such a parametrization that may vary with location and cloud type. Recently, Whiteman et al. [2004] provided measurements of S at a subtropical site (Andros, Bahamas, 24.7°N, 77.75°W), but no direct measurements are yet available from the deeper tropics and south of the intertropical convergence zone (ITCZ). The STAR pilot study therefore provided the rare opportunity to perform Raman lidar measurements in these regions. The values retrieved from the data measured at Paramaribo are compared to those from a previous campaign at Lindenberg (53.2°N, 14.12°E) in Figures 3a and 3b.
[19] We find that tropical cirrus have systematically a higher lidar ratio than midlatitude cirrus. This is shown in Figure 3a where the lidar ratio is plotted against the optical depth. Except for optically thick clouds the lidar ratio (at 355 nm) measured at Paramaribo is with a mean value of 26 ± 7 sr higher by 50% than the value of 16 ± 9 sr which was obtained from the data from Lindenberg where the variability is also higher. For tropical cirrus the lidar ratio tends to increase with decreasing optical depth while the opposite trend occurs for thin midlatitude cirrus. While no IMMLER ET AL.: TTL CIRRUS difference between tropics and midlatitudes is obvious for warmer clouds, it becomes significant for colder clouds with T < 220 K (Figure 3b ). The lidar ratio depends on microphysical properties of the cloud particle like size, shape, and refractive index. However, there is no simple relationship between these parameters and the lidar ratio. The reason for the differences between tropical and midlatitude cirrus is currently unknown.
[20] To investigate this further, the Paramaribo data set was regrouped into three subsets according to the origin of corresponding AWI backward trajectories. We found three different flow patterns to be representative in the upper troposphere: (1) flow from the north or northeast originating from the Atlantic; (2) flow from the northwest, from the Caribbean; and (3) flow from west to southwest from the South American continent. Figures 3c and 3d show the lidar ratio as function of the optical depth and temperature, respectively, for theses three subsets. There is no obvious difference, suggesting that the properties of tropical cirrus do not strongly depend on the origin of the air mass.
[21] The availability of the Snow White frost point hygrometer during the pilot study allowed a direct comparison of cirrus detection with a lidar and humidity measurement by the frost point hygrometer. Figure 4 shows histograms for the relative humidity inside and outside of cirrus clouds. Only 5% of the cloud free regions are detected as supersaturated. Inside cirrus the relative humidity peaks around 100%. High supersaturations (RH I > 120%) are rarely detected by this instrument.
Case Studies
[22] To study the occurrence of cirrus in the upper tropical troposphere in more detail, four cases are presented in this section.
A Typical Case: 21 October 2004
[23] The first case, from 21 October 2004 (Figures 5a -5e), shows a typical situation, which is observed frequently in the tropics: during this night, cirrus was detected at various altitudes from 10 km up to 17 km. A balloon carrying a Snow White sonde was launched at 0743 UT (0443 local time) and reached the tropopause at 16.5 km about 1 hour later. Figure 5c presents the relative humidity above ice (cyan) and Figure 5d the temperature (red) measured by this probe along with lidar and model results.
[24] The black line in Figure 5d indicates the backscatter ratio (532 nm) measured by the lidar averaged from 0807 UT to 0840 UT, the time period when the balloon probed the upper troposphere. During this period there were several cloud patches detected between 10 and 14 km. (Figures 3a and 3c ) and the cloud mean temperature (Figures 3b and 3d) . Histogram of the relative humidity above ice measured by the Snow White sonde in the upper troposphere (12 km < h <18 km) divided into two cases where the lidar detected a cloud (depolarization >2%, solid) in the corresponding altitude range or not (shaded). This analysis is based on the maximal altitude resolution of the lidar (7.5 m) and a 20 min temporal resolution with a time delay Dt between radiosonde launch time and the starting time for the lidar averaging period of 0.5 h < Dt < 1 h. Thus the lidar data was acquired in about the same time period when the radiosonde crossed the altitude range 12 km < h <18 km. 
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These rather thick cirrus clouds had optical depths around 0.1 and occurred in the temperature range of 210 and 230 K.
The upper boundary of the layer containing these clouds was clearly marked by a thin ice layer and an upper tropospheric inversion at 14 km ( Figure 5d ). The trajectories trace the corresponding air mass in the first place back to the western Amazon region where it most likely was injected by deep convection less than a day earlier (Figure 5k , red trajectory and Figure 5b , squares).
[25] The backscatter coefficient of these clouds determined from the lidar data is around 3 Â 10 À6 m À1 sr À1 . Assuming an effective radius of the cloud particles of 10 mm, these ice clouds contain about 100 particles/L. The ice water content (IWC) is on the order of 0.3 mg/m 3 . Given a concentration of water vapor of about 7 mg/m 3 as measured by the probe, about 5% of the total available water is condensed in the cloud particles.
[26] A thin inversion layer about 1 to 3 km below the cold point tropopause is a typical feature of the upper tropical troposphere [Fujiwara et al., 2003a; Immler and Schrems, 2002] . We would like to refer to the layer above 12 km and below the temperature inversion as the upper troposphere (UT), while we use the term ''tropical tropopause layer'' (TTL) for the altitude range between the upper tropospheric inversion (UTI) and the cold point tropopause (CPT). This definition differs somewhat from descriptions given elsewhere in the literature, where the lower TTL boundary is defined as the minimum in the potential temperature lapse rate [Gettelman and Forster, 2002] or the level of zero net radiative heating [Gettelman et al., 2004] . A detailed analysis of the dynamical features of the TTL at Paramaribo, which also explains the existence of an UTI, was carried out in a companion study by Fortuin et al. [2007] .
[27] In contrast to the origin of the air in the UT, the air in the TTL came in from the northwest (Figure 5k , blue and yellow). The steep slopes at t = À2 of the upper two trajectories in Figure 5b indicates an influence of deep convection on the TTL. At that time the air moved across the ITCZ which stretched from South-Central America to Puerto Rico and into the Atlantic Ocean (Figure 5k ). Thin ice clouds with optical depths around 0.003 reside in this layer. Assuming an effective radius of 5 mm, these subvisual cirrus clouds contain about 40 particles/L with an IWC of 0.02 mg/m 3 , meaning that only about 1% of the total water is condensed in these particles.
[28] The uppermost trajectory, shown in Figure 5b , corresponds to the air mass at the cold point tropopause and indicate that this air has gradually been lofted in the last 5 days. Extremely thin cirrus (OD < 10 À3 ) exists right below the cold point (Figure 5d, 16.2 km) .
[29] The AWI trajectories indicate that the closer a tropospheric air mass is to the cold point tropopause, the longer it has been dwelling in the upper troposphere. In contrast, cirrus clouds that occur below the UTI around 12 km altitude are more or less a consequence of convective outflow. At higher altitudes, in the TTL, subvisual cirrus occurs, obviously created and/or sustained by slow ascent in an air mass of an age on the order of days. This picture agrees well with the results from Folkins et al. [1999] , who showed that there is a barrier to vertical mixing at about 14 km which corresponds to the level of neutral buoyancy of air with boundary layer properties. Above this level, the air in the transition layer is characterized by slow, largescale ascent.
[30] The Snow White sonde data indicate that the air in the UT and in the TTL are moist with relative humidities above ice (RHI) larger than 95%. High supersaturation occurs in sharp peaks at the CPT at 16.5 km and just below the UTI at 14 km. Inside the UT cloud the relative humidity above ice varies in the range from 95% to 110%, while inside the TTL cirrus between 13.8 km and 14.8 km values of 130% are reached.
[31] The humidity modeled using the AWI trajectories shown in Figure 5b is plotted in Figure 5c as dark blue dots.
The average values of the Snow White measurement within the altitude ranges that correspond to each of the trajectories are marked in black circles. The agreement between the modeled relative humidity and the measurement inside the TTL, which is marked by horizontal lines, is remarkable. Also, the extremely dry layer right above the UTI is captured by the model: according to the corresponding trajectory, the air parcel had reached high altitudes and low temperatures of below 200 K 12 days earlier and evidently the air was efficiently dehydrated at that time. This event occurred in the central Pacific, near the equator. Below the TTL, the AWI model fails to predict the relative humidity correctly. Since this model does not account for convection explicitly, this disagreement suggests that the moist air observed between 11 and 14 km was deposited by convective transport, in agreement with our previous remark IMMLER ET AL.: TTL CIRRUS that cirrus in the UT region are mostly formed in the outflow of deep convection.
[32] The blue curve in Figure 5c shows the humidity profile of the operational ECMWF analysis. It also indicates a moist TTL, but the relative humidity does not reach the high values measured by the sonde, nor is the dry layer at 14.2 km reproduced. The pink diamonds depict the modeled relative humidities based on BADC trajectories. Obviously the AWI trajectories with vertical motion based on diabatic heating rates yields a much better representation of the upper troposphere's humidity. The thin dotted line in Figure 5e shows the cloudiness represented in the ECMWF operational data. The model fails to predict the cirrus in the upper troposphere but it predicts a cloudy TTL in good agreement with the observations.
[33] In the following section three cases are analyzed where three different types of cirrus were present in the TTL: thin visible cirrus, subvisual cirrus, and, almost, no clouds at all.
Thin Visible Cirrus: 9 November 2004
[34] On 9 November 2004 cirrus (Cs) with optical depth around 0.1 was observed throughout the night. At 0619 UT (0319 local time) a Snow White probe was launched from the MDS site. The results from the lidar, the radiosonde and the AWI trajectory calculations are shown in Figures 5f -5j. The backscatter coefficient peaks at 6 Â 10 À6 m À1 around 16 km altitude and is approximately as high as the one of the cirrus in the UT on 21 October 2004. Assuming a particle effective radius of 5 mm for this cirrus (since it is inside the TTL), the ice water content of the cloud reaches up to 0.3 mg/m 3 , meaning that in the supersaturated environment 30% of the available water is condensed. If the radius was 10 mm this number goes up to 60% (the IWC scales about linearly with radius when the backscatter coefficient is kept constant). This newly formed, highaltitude cirrus contains a large amount of the available water and therefore can very effectively dehydrate the air. The forward trajectory calculations (not shown) demonstrate that the upper part of the cirrus continues to rise and that the air is transported into the stratosphere. Assuming that the air was dehydrated to saturation vapor pressure, the air mass going through the cold point at Paramaribo will contain 3 ppm of water. On its way eastward however, this air mass encounters another temperature minimum of 187 K around the Horn of Africa where the water content is then lowered to 2.66 ppm (not shown).
[35] The relative humidity derived from the temperature history RHI I traj of the air parcel matches the measured values well in the TTL. The BADC trajectories (diamonds in Figure 5h ) predict the measured humidity also in this case. The BADC trajectories (thin lines in Figure 5g ) indicate that deep convection has transported air from below to an altitude of about 14 km about 3 days earlier. The satellite image from 6 November displayed in Figure 5l shows a convective zone in central America, which is likely to be the source region for this TTL air, since the air parcels were in this region and at that altitude at that time, according to both, the AWI and the BADC trajectories. While the air is advected toward Suriname, it rises by about 2 km. BADC and AWI trajectories agree in this respect (Figures 5g  and 5l ), but the details on how this vertical transport occurs are different.
[36] Interestingly, the temperature profile (Figure 5i ) indicates a thin inversion at 15.6 km, just below the strongest peak in the backscatter. According to our definition, the upper part of the clouds is inside the TTL. The trajectories suggest the following scenario for the origin of this TTL cirrus: Moist air has been introduced three days earlier by the outflow from deep convection, and consequently rather thick clouds have formed, which contain a large amount of total water. Continuous lifting and cooling of the air maintain the clouds as it is advected toward our observation location. Since the relative humidity in the TTL is in mean only slightly above 100% in the TTL at Paramaribo according to the Snow White measurement, a significant amount of water must have been removed from the air parcel while it was cooled from about 206 K to 190 K. The saturation mixing ratios at these temperatures and corresponding pressures are 25 ppm and 3 ppm, respectively.
Subvisual Cirrus: 12 November 2004
[37] A large fraction of the clouds detected by the lidar at Paramaribo are subvisual (SvCi), i.e., have optical depths of 0.03 or less. These clouds often occur as an isolated layer at or close to the CPT above a thicker cirrus in the UT, as was the case of 21 October discussed above. In some cases the UT is free of clouds while there are still thin layers present at the CPT. Such SvCi occurred in the early hours of 12 November 2004 (Figures 6a -6e) . The AWI trajectories indicate that the air mass holding the thin cloud were subject to steady ascent during the preceding two or three weeks (Figure 6b ). The BADC trajectories (not shown) show a similar ascent, but because of larger temperature variation along the trajectories the modeled humidity is somewhat lower at the end (Figure 6c) .
[38] The backscatter coefficient of the subvisual cloud is about 2 Â 10 À7 m À1 sr
À1
, this corresponds to a particle number density of 30 L À1 provided the effective radius was 5 mm. The IWC according to this calculation was 0.013 mg/m 3 or 160 ppb equivalent gas phase volume mixing ratio. 17% of the precipitable water was condensed in the cloud, if the air was indeed as dry as measured by the sonde with RHI about 20% (Figure 6c ). If the RHI was 100% the condensed water fraction is reduced to about 4%.
[39] The structure of the tropopause is very interesting: the temperature reaches a minimum at 16.7 km of 190 K and then stays more or less constant, i.e., between 190 and 191 K, for about 1 km. Exactly in this altitude range, the subvisual cloud is detected. Strictly speaking, this layer is within the stratosphere, i.e., above the temperature minimum.
[40] The temperature history of the trajectory, as well as the operational ECMWF analysis suggest that the relative humidity above ice is indeed about 100%. The ECMWF cloudiness (dotted line in Figure 6e ) agrees well with the observations, since it also predicts high cloudiness in the corresponding altitude range. In contrast to these results, the Snow White sonde measures very low relative humidity. The internal data of the probe, like cooling current and housing temperature do not indicate a failure of the probe. Possibly, the balloon drifted away and happened to sampled a different, much drier air mass. This could explain the discrepancy between the Snow White and the lidar observations.
[41] Because of this problem with the Snow White sonde there remains considerable uncertainty as far as the humidity in the upper TTL is concerned. However, there is a correlation between the saturation derived from the AWI trajectory and the observation of a cloud by the lidar at 17.8 km. This example shows that subvisual clouds do exist when the temperature of an air parcel reaches an absolute minimum and is consequently saturated (RH I traj > 100%), if we ignore the Snow White data in this case. It is evident, that these clouds form in situ because of the long residence time of the corresponding trajectory in the TTL, which is on the order of weeks. During this time the temperature is not steadily decreasing but goes through local maxima. In the cases where we happened to observe air during one of these warmer periods we generally detect no clouds in the TTL, as we will demonstrate in the next example.
No Clouds: 16 November 2004
[42] In the early morning of 16 November 2004, the very last measurements of the first phase of the campaign were made. It is the only occasion where no clouds were detected in the tropopause region and humidity data from the Snow White sonde are available (Figure 6h ). The situation is partly comparable to the observation of 12 November discussed above. In both cases the UTI occurred at 16 km, the Snow White indicated a thin layer of high supersaturation in this region, however no cloud occurred there (Figure 6i ). The cold point is found about 2 km higher and reaches temperatures as low as 188 K, but on 16 November no cloud was detected by the automatic routine described in section 2.1. In the TTL region neither the model output nor the Snow White data reached supersaturation. The air in the cold point region was, according to the AWI trajectories, at lower temperatures (187.5 K) about 2 days earlier, where it was obviously dried sufficiently to inhibit cloud formation later at higher temperatures. Our dehydration model, where we assumed a remaining water vapor content in the TTL according to equation (3), is confirmed by the Snow White measurement within ±15% (RH I ). The averaged difference between the predicted and the measured humidity is À3%; that is, the TTL is slightly drier than predicted by our assumptions.
[43] A visual inspection of the depolarization data of that day revealed that the tropopause region was not completely cloud free. A thin layer that was overlooked by the cloud detection algorithm, was present at the cold point at about 17.8 km (at 391 K potential temperature, Figures 6f and 6i ) and was observed for about 1 hour. The backscatter coefficient of this particle layer was lower than 10 À8 m À1 sr
À1
. This corresponds to a particle number concentration of 1 L À1 (using r eff = 5 mm) and an IWC of 5 Â 10 À4 mg/m 3 . Even in this dry environment with a water vapor mixing ratio of 2.4 ppm, only 0.15% of the precipitable water was condensed. This calculation assumes that RHI was 60% as measured by the Snow White and that the cloud consisted of water ice. This layer is even thinner than the ''ultrathin tropical cirrus'' (UTTC) described by Peter et al. [2003] which was observed during an airborne campaign in the Indian Ocean. The fact that such a thin layer exists, suggests that there is no lower limit in terms of optical depth for the existence of depolarizing particles in this region.
[44] The extremely low fraction of condensed water, as well as the fact that the water measurement and the models indicate a subsaturated environment, suggest that this layer is not a simple water ice cloud. The observation of significant depolarization, on the other hand, indicates the presence of rather coarse solid particles with an effective radius above 0.3 mm [Mishchenko and Sassen, 1998 ]. Aerosol layers that are frequently observed by the lidar in the upper tropical troposphere generally do not depolarize. It is therefore more likely that the observed layer is a remnant of a cirrus cloud. We may assume that a subvisual cloud of similar properties as described in the previous section was present in this air mass some days ago, when the temperature was at its minimum. If the size of the particles of that cloud was reduced from 5 to about 1.5 mm by sublimation of water as the air slightly warms, an extremely thin cloud would remain at the tropopause with a backscatter coefficient as it was observed here. The questions remain, why would the cloud not evaporate completely in the subsaturated environment on the timescale of days? Probably, the low temperatures and the presence of trace species like HNO 3 , HCl, HBr, or some organics even in small amounts could effectively slow down the evaporation rate [Delval et al., 2003 ] and thus allow the detection of this extremely thin layer of particles. The green line in Figure 6i shows the existence temperature of Nitric acid trihydrate (NAT) according to a formula provided by Hanson and Mauersberger [1988] using a mixing ratio of 0.3 ppbV of HNO 3 in the TTL which seem realistic [Jensen and Drdla, 2002] . Accordingly, NAT can be stable around the cold point tropopause in the tropics. It is therefore plausible, that the observed layer of particles consists of NAT.
Discussion

Observational Results
[45] We found evidence for the occurrence of cirrus in 88% of all measurements. This number does not account for extremely thin layers of particles that were found at two occasions which were classified cloud free by the cloud detection scheme. The optical depth ranges from 1 to less than 10
À5
. Inside the TTL about 90% of all clouds were subvisual (OD < 0.03). Compared to the midlatitudes, subvisual cirrus have an enhanced probability of occurrence in the tropics, proving that the TTL has favorable conditions to form and maintain thin cirrus clouds. According to our lidar observations, about 35% of the total volume of the TTL contained ice particles.
[46] The extinction to backscatter ratio (lidar ratio) with 26 ± 7 sr was found to be significantly larger for tropical cirrus with an optical depth >0.05 (for only which it can be measured) than the value determined in the midlatitude (16 ± 9 sr). Whiteman et al. [2004] measured a value of about 20 sr at 24°N in the subtropics indicating a systematic increase of the lidar ratio with decreasing latitude. This study is the only one that provides measurements of the lidar ratio in the deep tropics and should be of particular interest for future space based lidar missions that rely on a parameterization for the extinction-to-backscatter ratio in order to infer the optical depths of cirrus clouds.
[47] The reason for the shift of the lidar ratio with latitude is currently unknown. Differences in particle size and shape are possible explanations. Alternatively, a change of the properties of the interstitial aerosol that could also have a appreciable influence on the measured optical properties of optically thin ice clouds. We could not detect a relation between the origin of the cloud and the lidar ratio. Generally, the particles size is known to decrease with altitude [Heymsfield, 2003] . Since cirrus altitude increases with decreasing latitude this trend could explain the change in cirrus lidar ratio.
Trajectory Analysis
[48] We use a newly developed trajectory model to examine the origin and formation mechanisms of cirrus in the TTL. Generally we interpret rather thick clouds (OD about 0.1) that occur in the upper troposphere around 14 km as direct outflow from convectively active regions. Deep convection also feeds moist air into the TTL, which is dominated by slow ascent due to radiative heating. Thin cirrus forms and is maintained by adiabatic cooling on a timescale on the order of days. Higher cirrus tend to be optically thinner and the corresponding trajectories indicate longer residence times of the corresponding air mass in the TTL on the order of weeks. Details of the different cloud types are summarized in Table 1 .
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[49] The case studies presented above indicate a correlation between the occurrence of clouds and the temperature history of the air parcels reflected in the calculated relative humidity. In order to study this more generally, we have calculated a large set of backward trajectories for the entire STAR pilot study period. At each ECMWF model level of the upper troposphere a trajectory was calculated and those were selected that start in the TTL according to the temperature profile measured by the temporally nearest radiosounding. Figure 7 shows the relative humidity calculated for the trajectories in the way described above (equation (3)) versus the maximum depolarization detected by the lidar in the corresponding altitude ($1 km) and time range (±3 hours). The result shows an obvious correlation between the water content simulated by the AWI trajectory model and the detection of clouds. In almost all cases (95%) where the air according to the trajectory should be saturated, ice particles were observed by the lidar. In a very large fraction (approximately 80%) of cases where the air has experienced significantly lower temperatures before arriving at Paramaribo, leading to a clearly subsaturated air with RH I traj < 80%, no clouds were detected. There is an intermediate range with 80% < RH I traj < 100% where clouds tend to be present while the air was on average subsaturated. This could be due to various reasons: incomplete dehydration, rehydration by injections from the UT or by sedimenting particles from above or other processes which are not considered in our simple model.
[50] The fact that about 70% of the cloud observation can be explained by the humidity evolution of the AWI trajectories implies three important conclusions:
[51] 1. The trajectory model using diabatic heating rates describes the transport in the TTL very well.
[52] 2. Where there is saturation in the TTL, there is ice. It needs to be emphasized that little can be learned about the cloud formation conditions themselves from this finding. In particular nothing can be deduced about the supersaturation that is necessary to form the clouds. By definition, the method does not allow for high supersaturation and the cloud formation might occur on much smaller scales than considered in this analysis. A much higher temporal resolution of the meteorological input data would be needed for this purpose which is currently not available. This is also reflected in the measurements; that is, on 9 November the mean humidities as measured by the Snow White in the two ECMWF altitude bins of the TTL between 14.6 km and 16.6 km was 105% and 90% while a maximum of 140% occurred around 15.8 km, which is presumably a region of intense particle formation. High supersaturation occurs generally in thin layers [Spichtinger et al., 2003a] and is therefore smoothed out by this analysis. Therefore our result is not in contradiction to reports of high supersaturations measured in situ inside [Heymsfield et al., 1998 ] and outside of cirrus [Jensen et al., 2005] . Still, one conclusion on cloud formation can be drawn from our observations: Whatever it takes to form clouds in the TTL does not prevent them from forming on the long run, once that ice saturation is exceeded. The timescales where supersaturation exists without the presence of a cloud should be short compared to the life time of the cloud that will eventually form. This result of the trajectory analysis is supported by the comparison between Snow White data and lidar observation (Figure 4 ) which shows only an insignificant amount of supersaturation of a few percent outside of clouds.
[53] 3. The fact that no clouds are observed when RH I traj < 80% demonstrates, that the air parcel ''remembers,'' that it went through a significant cold trap earlier along its way through the TTL. It follows, that significant dehydration occurs in these events and that subsequent rehydration does generally not occur. A more precise quantification of the efficiency of this dehydration goes beyond the possibilities of this method. However, we find reasonable agreement between the assumption of efficient dehydration (RH I max = 110%) and measurements of the humidity in dehydrated TTL air masses by the Snow White sonde (Figure 6h ). This supports the hypothesis of the dehydration of air entering the stratosphere to approximately the saturation pressure at the temperature minimum of its trajectory [Fueglistaler et al., 2005] .
Extremely Thin Tropical Cirrus (ETTCi)
[54] We provide evidence for the occasional presence of extremely thin layers of solid particle at the cold point tropopause. Such layers were observed on 11 November (not shown) and 16 November 2004 at about 17.8 km. In both cases operational ECMWF data, trajectory analysis and, where available, frost point hygrometer measurements indicate a humidity below ice saturation. On 11 November this layer was observed steadily for 4 hours without any indication of wave activity (small-scale wave activity can sometimes be seen in the lidar data in form of a wavy structure in the time-altitude evolution of a cloud on typical timescales of 10-30 min, in the cases discussed here, this does not occur). Small-scale temperature and humidity fluctuations are therefore not a likely explanation for this observation.
[55] Nonvolatile material such as mineral dust is also not likely to be a component of these clouds. There is no reason why such a material should accumulate right at the cold point tropopause, while no depolarizing aerosol exists elsewhere in the TTL.
[56] Luo et al.
[2003] proposed a stabilization mechanism for ultra thin tropical cirrus (UTTC) that were observed during the APE-THESEO campaign near the Seychelles in the western Indian Ocean [Stefanutti et al., 2004] . While some thin clouds observed at Paramaribo can be explained by this mechanism (e.g., the layer at 16.2 km in Figure 5d ), others cannot. The ETTCi detected on 16 November (Figure 6 ) lacks some of the prerequisites necessary for UTTC stabilization: the air at the cloud altitude is not saturated, nor is there evidence of supersaturation above. The clouds do not occur below the cold point, they rather occur slightly above as can be seen in Figure 6i (the radiosonde passed the CPT about 20 min after the last observation of the layer at 0705 UT, low clouds obscured the ETTCi afterward. Given the stability of the layer during the preceding hour, this time delay should not have an influence on the overall picture). Therefore it is unlikely that the observed layer is an ice cloud stabilized by a balance between steady updraft and sedimentation.
[57] We can only speculate on the nature of this layer, but the most plausible explanation we may provide is, that these layers are remnants of ice clouds which are stabilized by some inorganic acids like HNO 3 . This hypothesis is supported by the fact that the CPT temperature is falling below the existence temperature of nitric acid trihydrate (NAT) [Hanson and Mauersberger, 1988] at the given partial pressures of H 2 O and HNO 3 . There has been considerable debate on the existence of NAT at the tropical tropopause. Some in situ measurements of cloud particles provided no evidence for an important role of HNO 3 in tropical cirrus clouds [Peter et al., 2003] . On the other hand, Hervig and McHugh [2002] and Popp et al. [2006] claimed evidence for the presence of NAT in the tropics based on satellite and in situ observations, respectively. Jensen and Drdla [2002] argued that despite the low nitric acid concentration of 0.1-0.5 ppb, NAT particles could exist at the low temperatures of the tropical tropopause region and calculated a potential mass concentration of 0.2 mg/m 3 . This is on the same order of magnitude as the concentration derived from the lidar observations for the extremely thin layers found on 11 and 16 November 2004 which was 0.4 mg/m 3 (Table 1) . Given the large uncertainties in this retrieval, NAT could play an important role in explaining our observations.
[58] These layers are certainly irrelevant in terms of radiative transfer and most likely do not directly contribute to the dehydration of the air. The amount of water present in such particles (around 4 ppb) is far too low. However, these clouds could have an important influence on the transport of other trace gases into the stratosphere. They may also serve as nuclei for heterogeneous ice formation in case the relative humidity exceeds 100% by adiabatic cooling. In this case they could significantly lower the supersaturation necessary for cirrus formation and as a consequence they would indirectly enhance the dehydration of air entering the stratosphere.
Summary and Conclusions
[59] During the STAR pilot study in Paramaribo, Suriname (5.8°N, 55.2°W) a high-performance Raman lidar was successfully deployed at a tropical site. Measurements were made mainly during night time with the lidar, from 28 September to 16 November 2004. Daily radiosonde launches supplied temperature profiles and occasionally water vapor profiles were measured using a balloon-borne frost-point hygrometer. We report on this unique set of data that allows a detailed insight into the tropical tropopause region. We study clouds and the dehydration of air entering the stratosphere on the basis of the lidar and radiosonde data by using a trajectory model.
[60] The temporal coverage of cirrus was extremely large with 88%. There were very few occasions when persistently no clouds were present in the upper tropical troposphere. We show that the lidar ratio of tropical cirrus is with a mean value of 26 sr significantly higher compared to midlatitude cirrus (16 sr). This implies that the microphysical properties of tropical cirrus are different from midlatitude cirrus.
[61] The upper troposphere in the tropics is split into two regions by an upper tropospheric inversion (UTI) that regularly occurs about 2 km below the cold point tropopause. Subvisual cirrus most often occur in the TTL above the UTI. The coverage with subvisual cirrus in the tropics is clearly enhanced compared to the midlatitudes, suggesting that the lifetime of this type of cloud is extended by persistent large-scale ascent. Extremely thin cirrus clouds with optical depth below 10 À3 occur frequently at the tropical cold point tropopause.
[62] The origin and the existence criteria of the cirrus clouds were investigated by observations and a newly developed trajectory model which calculates the vertical transport from diabatic heating rates. The results of three case studies discussed in detail suggest the following scenario for the formation and evolution of TTL cirrus: deep convection feeds moist air into the TTL. Inside the TTL the air is heated by long-wave radiation. It is subject to steady slow ascent and adiabatic cooling. Visible cirrus clouds (optical depth about 0.1) which hold a significant amount of total precipitable water exist in this environment on a timescale of days and can therefore efficiently dehydrate the air. Episodic warming will cause the clouds to evaporate but subsequent cooling leads again to cloud formation, if another absolute temperature minimum and thus saturation is reached. The clouds at this stage are generally subvisual. These thin clouds hold only a few percent of the total water. However, since the updraft velocities are very small (on the order of 1 mm/s) and the life time of such clouds appears to be long, they may again cause some further dehydration of the air.
[63] The occurrence of dehydration is supported by our observation that air that, according to the trajectory model, had passed through a cold trap before it arrived at Paramaribo, in general, does not contain ice. The humidities measured by the Snow White sonde in previously dried (and hence cloud free TTL air) supports the hypothesis of dehydration to the minimum saturation vapor pressure along a trajectory.
[64] The hypothesis that clouds exist where saturation is reached along a trajectory and no clouds exist where air was efficiently dried in a cold trap and was subsequently warmed, explains a large fraction (70%) of the lidar observations of TTL cirrus. This result is only achieved when using diabatic heating rates instead of vertical winds from operational ECMWF data to calculate trajectories in the TTL. This demonstrates that vertical transport above the UTI is accomplished primarily by radiative heating and that cloud formation always occurs in saturated air. Since the lidar can measure only during clear sky conditions (OD < 1) we generally sampled TTL air masses only in a larger distance from deep convective zones. Nearby thunderstorms create cirrus up to about 14 km, but we did not find any evidence of an influence of such events at higher altitudes. However, the lofting of clouds by radiative heating as described by Corti et al. [2006] is a likely mechanism of feeding moist air from the outflow of deep convection into the TTL. The general pathway for troposphere-tostratosphere exchange suggested by Corti et al. [2006] is consistent with our observations.
[65] The cloud coverage given in the operational ECMWF analysis matches well with the observation in the TTL. This was already explored by Fortuin et al. [2007] using the entire data set from the STAR pilot study in Paramaribo. It seems that the cloud parameterization used in the ECMWF [Tiedtke, 1993] simulates the cirrus formation in the TTL fairly well, while it has greater problems capturing cloud events in the upper troposphere when convective processes are dominating.
[66] Fueglistaler et al. [2005] showed that the humidity of the lower tropical stratosphere is reproduced by a model that assumes that air passing through the tropical tropopause is freeze dried to the saturation vapor pressure at the lowest temperature of its trajectory. This concept is supported by our observations. However, there are a number of open questions on the exact nature of the dehydration process: Theoretically, the formation of ice particles requires high supersaturation with RH I around 160% [Koop et al., 2000] . Moreover, it is unlikely that subvisual cirrus at the CPT are capable of dehydrating the air completely, i.e., to a RH I of 100%. Indeed, there is evidence that the transport of water to the stratosphere involves a substantial contribution from evaporated water ice [Keith, 2000] suggesting that ice particles are transported into the stratosphere. As a consequence, air passing through the tropopause should on average have a higher humidity than given by the minimum ice saturation.
[67] In order to explain the dryness of the stratosphere these effects need to be balanced by other processes that increase dehydration. Heterogeneous ice nuclei and wave driven temperature fluctuation could play an important role in that respect [Kärcher, 2004] . However, other trace gases could also be of some importance. We found evidence for the existence of particles near the cold point tropopause in subsaturated air. Our observations are consistent with the presence of nitric acid trihydrate (NAT). These findings suggest that trace gases like HNO 3 could interfere in the process of cloud formation and dehydration at the tropical tropopause. If this is the case, the transport of water vapor into the stratosphere is controlled by a complex balance of dynamical, microphysical, and chemical effects that happen to yield in sum a stratospheric humidity close to the saturation vapor pressure of ice at the Lagrangian mean temperature minimum.
